Rapid evaluation of fibrinogen levels is essential for maintaining homeostasis in patients with massive bleeding during severe trauma and major surgery. This study evaluated the accuracy of fibrinogen levels measured by the CG02N whole blood coagulation analyzer (whole blood-Fbg) using heparinized blood drawn for blood gas analysis. A total of 100 matched pairs of heparinized blood samples and citrated blood samples were simultaneously collected from patients in the intensive care unit. Whole blood-Fbg results were compared with those of citrated plasma (standard-Fbg). The whole blood coagulation analyzer measured fibrinogen levels within 2 minutes. Strong correlations between standard-Fbg and whole blood-Fbg were observed (ρ = 0.91, P < 0.001). Error grid analysis showed that 88% of the values were clinically acceptable, and 12% were in a range with possible effects on clinical decision-making; none were in a clinically dangerous range without appropriate treatment. Using a fibrinogen cutoff value of 1.5 g/L for standard-Fbg, the area under the receiver operating characteristic curve of whole blood-Fbg was 0.980 (95% confidence interval 0.951-1.000, P < 0.001). The whole blood coagulation analyzer can rapidly measure fibrinogen levels in heparinized blood and could be useful in critical care settings where excessive bleeding is a concern. KEYWORDS: Fibrinogen; point of care; coagulopathy; massive transfusion
BACKGROUND
Fibrinogen plays an important role in clot formation. Low fibrinogen levels are associated with hemostatic impairment, thus increasing a tendency toward bleeding. 1, 2 Furthermore, during massive bleeding, fibrinogen levels decrease before the development of other hemostatic abnormalities. [3] [4] [5] [6] [7] Previous studies have indicated that low fibrinogen levels are a strong risk factor for poor outcomes in trauma patients [8] [9] [10] [11] [12] [13] [14] and in those undergoing major surgery. [15] [16] [17] The Clauss method and the prothrombin time-derived method are widely used to measure plasma fibrinogen levels. 18, 19 Although knowledge of plasma fibrinogen levels is required for the prompt treatment of patients with a propensity for bleeding, the measurement of fibrinogen levels by these two methods usually takes more than 30 minutes. Recently, a compact whole blood coagulation analyzer (CG02N; A&T Corporation, Kanagawa, Japan) with the ability to analyze citrated whole blood and plasma has been developed in Japan and is commercially available in East Asia (Fig. 1 ). This analyzer uses dry reagent methods (dry hematology) that measure thrombin-induced clot formation, a functional assay, in an oscillating magnetic field. 20, 21 The analyzer does not require the preparation of a solution reagent or calibrator, and a dry card-type single-use reagent in an aluminum-packed form is used for each measurement (Fig. 2) . The instrument can measure prothrombin time, activated partial thromboplastin time, thrombotest, hepaplastin test, and fibrinogen levels within 1 to 2 minutes.
The Ministry of Health, Labour, and Welfare in Japan has approved both the instrument and its reagents as a high-precision method of measuring fibrinogen levels in citrated whole blood and plasma. Furthermore, a recent study reported that the results of fibrinogen measurements in citrated whole blood and plasma with the CG02N blood coagulation analyzer were in agreement with the results of the Clauss and prothrombin time-derived methods. 21 However, in the emergency department and operating room, heparinized blood is frequently drawn for arterial blood gas analysis. Use of this blood for measurement of fibrinogen levels would be highly convenient for point-of-care use in patients with massive bleeding. To help evaluate this possibility, this study evaluated the accuracy of fibrinogen measurements in heparinized whole blood samples drawn for arterial blood gas analysis, using the CG02N blood coagulation analyzer.
MATERIALS AND METHODS
The present study was approved by the Institutional Review Board of Hokkaido University Hospital (study number: 012-0389).
Collection of Blood Samples
All samples were drawn directly from the arterial catheter used for blood pressure monitoring. Samples for arterial blood gas analysis were drawn using an arterial blood sampling kit (Line Draw Plus ® 1 mL; Smiths Medical Japan Ltd, Tokyo, Japan). The arterial bloodsampling syringe contains 23.5 IU of dry lithium heparin; the heparin concentration in these samples is dependent on the volume collected (0.5-1.0 mL). Samples for the coagulation test were drawn using a vacuum blood collection tube (Venoject II; Terumo Corp, Tokyo, Japan), wherein 1.8 mL of blood was collected with 0.2 mL of 3.2% sodium citrate. To prepare samples with a low level of fibrinogen, some samples were diluted two-or threefold with Owren's Veronal Buffer (OV-30; Sysmex Co, Kobe, Japan).
Measurement of Fibrinogen Levels
Fibrinogen levels in citrated plasma (standard-Fbg) were measured by the Clauss method using Thrombocheck Fib(L) (Sysmex Co.) and CS-1000i (Sysmex Co.) as the standard.
Arterial blood gas and hematocrit in heparinized whole blood samples were analyzed using an ABL 800 FLEX (Radiometer Co., Tokyo, Japan). Fibrinogen levels in the heparinized whole blood (whole blood-Fbg) were measured with the CG02N instrument. Measurements were performed as follows. (1) A dry card-type reagent for fibrinogen measurement was placed in the analyzer and pre-warmed to 37°C. (2) Whole blood from a sampling syringe was transferred to a microtube. (3) Whole blood from the microtube (25 μL) was withdrawn and placed in a new microtube containing 100 μL of diluent and mixed using a micropipette. (4) Subsequently, 25 μL of the mixture of whole blood and diluent was applied to the dry card-type reagent. The dry cardtype reagent contained bovine thrombin activator (final concentration: 33 IU/mL), which was able to overcome effects of heparin, and paramagnetic iron oxide particles that move in response to an oscillating magnetic field. Furthermore, heparin neutralizer also was contained in the dry card-type reagent. (More information was non-disclosure.) The applied sample moves via capillary action and mixes with paramagnetic iron oxide particles and reagents within the testing chamber. As the thrombus is formed, particle movement decreases. The light (870 nm) illuminates the inner reaction cell, and the signal movements of particles are quantified as changes in scattered light. Clotting time was determined as a 30% decrease in maximal amplitude and was correlated to fibrinogen concentrations determined by the reference laboratory method. (5) The results of the fibrinogen measurement were available within 2 minutes after application to the dry card-type reagent (30 ± 2 seconds for measurement of 1 g/L fibrinogen and 72 ± 4 seconds for measurement of 0.4 g/L fibrinogen; data provided by A&T Corporation). (6) The resulting fibrinogen concentration presupposes that the hematocrit of the sample was 50%. Therefore, the result was corrected according to the measured hematocrit of the sample based on the following calculation formula:
Fibrinogen concentration = the result value × 50/(100 -hematocrit).
Statistical Analysis
Correlations between two measurements were investigated by simple regression analysis.
A Bland-Altman plot was used to check the bias and limits of agreement between the results.
Bias was defined as the mean difference between standard-Fbg and whole blood-Fbg. The 95% limits of agreement were calculated as the bias ± (1.96 × SD).
Error grid analysis was used to evaluate the clinical relevance of differences between standard-Fbg and whole blood-Fbg. A fibrinogen level >2.0 g/L was considered normal, whereas fibrinogen levels <1.5 g/L were defined as coagulopathic, requiring supplementation with fibrinogen concentrates and/or fresh-frozen plasma. [22] [23] [24] [25] [26] Furthermore, fibrinogen levels <1.0 g/L were defined as severely coagulopathic. [22] [23] [24] [25] [26] The error grid analysis scatterplot is divided into three zones. Zone A indicates the clinically acceptable measurement area, with an acceptance level of 20% deviation between the two measurements. Zone B shows an error >20%, with fibrinogen deficiency being overestimated or underestimated with possible effects on clinical decision-making. Zone C presents a clinically dangerous situation, leading to inadequate or unnecessary treatment.
Fibrinogen deficiency was defined as fibrinogen levels <1.5 g/L, based on recent guidelines for the management of massive bleeding. [22] [23] [24] [25] [26] The receiver operating characteristic (ROC) curves for fibrinogen deficiency measured by whole blood-Fbg were constructed for fibrinogen deficiency and compared with the results of standard-Fbg. The areas under the curve (AUCs) were examined by a significance test for AUC.
The statistical software package SPSS version 20.0 (Japan IBM Co, Ltd, Tokyo, Japan) was used for all statistical analyses. P < 0.05 was considered statistically significant. Correlations are presented in Figure 3 . Simple regression analysis revealed a strong correlation between the results of standard-Fbg and whole blood-Fbg (ρ = 0.91, P < 0.001). The error grid analysis is also shown in Figure 3 . Overall, 88% of the values were located in zone A (clinically acceptable), 12% in zone B (with possible effects on clinical decision-making), and 0% in zone C (clinically dangerous situation with possible inappropriate treatment).
RESULTS

Forty
The Bland-Altman plot is presented in Figure 4 . The bias of the 2 measurements was −0.10 g/L (solid line in Fig. 4) , and the SD of the differences in the two measurements was 0.36 g/L. Therefore, the 95% limits of agreement were taken as −0.81 to +0.61 g/L (dashed line in Fig.   4 ).
Using a cutoff value of 1.5 g/L to indicate fibrinogen deficiency, the fitted ROC curve with the results of standard-Fbg and whole blood-Fbg is presented in Figure 5 . The AUC was 0.980 (95% confidence interval 0.951-1.000, P < 0.001). These results indicate that the CG02N instrument can identify fibrinogen deficiency with high accuracy.
DISCUSSION
Measurement of fibrinogen in heparinized whole blood using the CG02N analyzer demonstrated strong correlations with standard fibrinogen measurements performed in the central laboratory. Furthermore, the whole blood coagulation analyzer detected fibrinogen deficiency rapidly and accurately.
Whole blood thromboelastometry has been widely used for early diagnosis of coagulation abnormalities. [27] [28] [29] [30] With this method, clot amplitude is clinically correlated with fibrinogen levels, permitting detection of fibrinogen deficiency. [27] [28] [29] However, one limitation of thromboelastometry is that it requires 10 to 15 minutes to measure fibrinogen levels, [27] [28] [29] which is an unacceptable length of time for patients at high risk for massive bleeding. The timely diagnosis of fibrinogen deficiency and supplementation with fibrinogen are crucial in patients with massive bleeding and/or coagulopathies. The whole blood coagulation analyzer tested in this study rapidly and accurately measured fibrinogen concentrations in heparinized blood within 2 min, allowing for a rapid and accurate diagnosis of fibrinogen deficiency.
The results of thromboelastometry, including fibrinogen-specific parameters, are affected by both hematocrit levels and platelet counts, [31] [32] [33] [34] [35] and high hematocrit levels can lead to underestimation of fibrinogen deficiency. [31] [32] [33] For example, in samples with identical plasma fibrinogen levels, those with high hematocrit values show lower whole blood fibrinogen concentrations than those with low hematocrit values. 31 Furthermore, high platelet counts increase clot firmness, which leads to the underestimation of fibrinogen deficiency when measured by thromboelastometry. 33 In the present study, the whole blood coagulation analyzer directly measured fibrinogen levels in whole blood, and fibrinogen levels in whole blood were then manually corrected to fibrinogen levels in plasma based on the hematocrit value.
The CG02N analyzer can measure prothrombin time, activated partial thromboplastin time, thrombotest, and hepaplastin test, including fibrinogen levels, in citrated whole blood and plasma. For hemostatic control, appropriate monitoring of not only fibrinogen, but also prothrombin time and activated partial thromboplastin time, is important. Recent transfusion guidelines recommended prothrombin time and activated partial thromboplastin time measurements to evaluate the need for fresh frozen plasma transfusion. 36, 37 However, coagulation tests in a central laboratory usually take more than 30 minutes. This delay is a critical issue for appropriate hemostatic control during massive bleeding, such as in patients undergoing major surgery or experiencing severe trauma. Thus, the CG02N analyzer may be useful for rapid assessment of hemostatic ability, including prothrombin time, activated partial thromboplastin time, and fibrinogen in patients with bleeding tendency, such as during major surgery, severe trauma, gastrointestinal bleeding, postpartum hemorrhage, and infectious disease-associated coagulopathy/fibrinogen depletion/consumption. Disappointingly, heparinized whole blood was not able to use for measurement of prothrombin time and activated partial thromboplastin time.
The main limitations of the present study are that the study was limited to an assessment of fibrinogen, and that some of the samples included diluted samples from patients without fibrinogen deficiency. Thus, to confirm these findings, clinical evaluation of rapid fibrinogen measurements using heparinized whole blood in patients with massive bleeding and/or known fibrinogen deficiency may be necessary.
In conclusion, fibrinogen measurements using the CG02N instrument for heparinized whole blood samples drawn for arterial blood gas analysis show strong correlations with standard fibrinogen measurements. Importantly, the whole blood coagulation analyzer can rapidly detect dysfibrinogenemia, and is hence suitable for all healthcare settings where core laboratory measurement may be unavailable in a very short time. It may also be useful for patient monitoring during infectious outbreaks leading to massive bleeding or severe coagulopathy, such as Ebola virus infection outbreaks.
ABBREVIATIONS:
Whole blood-Fbg, fibrinogen levels measured from whole blood drawn for arterial blood gas measurements by dry reagent methods.
Standard-Fbg, fibrinogen levels measured from citrated blood samples by Clauss method. 
